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Abstract The sensory, chemical (based on the thiobarbi-

turic acid, total volatile basic nitrogen and trimethylamine),

and microbial quality (based on the total viable count and

lactic acid bacteria count) of the rainbow trout stored under

modified atmosphere packaging (MAP) conditions was

evaluated. Four different gas combinations, including P1
(80% CO2, 10% N2, 10% O2), P2 (60% CO2, 20% N2, 20%

O2), P3 (60% CO2, 40% N2, 0% O2), and P4 (40% CO2,

30% N2, 30% O2), were used. Also, the fish packages were

stored at four constant temperatures (including 0, 5, 10, and

15 �C) for 12 days. The absence of oxygen in P3 and high

concentration of carbon dioxide in P1 extended the shelf

life by delaying the chemical, microbial, and sensory

spoilage. Over the storage time of trout fillets in MAP, the

rate of chemical reactions significantly increased while the

sensory scores decreased. Based on the Arrhenius kinetic

modeling for the spoilage reactions of the sensory (total

acceptance) and chemical (total volatile basic nitrogen)

indices, the shelf life was extended for P3 and succeed-

ingly, for P1 packaging.

Keywords Arrhenius model � Modified atmosphere

packaging � Rainbow trout � Shelf life kinetics

Introduction

Rainbow trout is one of the most important species of

Salmonidae in Iran. Immediately after death, the fish

muscle is exposed to several biochemical and enzymatic

changes (Masniyom et al. 2013). Bacteria are the most

important cause of seafood spoilage. In addition, the oxy-

gen of the atmosphere can attack lipids and result in ran-

cidity, off-flavor, and off-odor. This is especially important

in fatty fishes such as trout, salmon, and mackerel.

Since the quality of seafood is unsystematic, the fresh-

ness of fish is always assessed by trained panelists based on

sensory evaluations of freshness-associated features (such

as appearance, texture, smell, and color). Moreover, the

microbial (e.g. total viable count), physical (e.g. tissue and

electrical properties), and chemical (e.g. K, K1, total

volatile basic nitrogen, trimethylamine, and lipid oxidation

index) evaluations are also useful for that purpose (Kerry

and Butler 2008).

Reddy et al. (1992) tabulated the shelf-life extensions

reported by several researchers. They demonstrated that the

modified atmosphere packaging (MAP) can effectively
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change and delay the spoilage process. For example, the

shelf-life of fresh cod fillets, packaged under 100% CO2 at

the storage temperature of 8.0 �C, was increased 280%

compared to the packaging with 50% CO2 at 26.0 �C.
Although the effect of MAP on the chemical, microbial,

and sensory properties of many fishes such as salmon (Sone

et al. 2012; Macé et al. 2011; Fernández et al. 2010; Fagan

et al. 2004), sardines (Özogul et al. 2004), cod (Debevere

and Boskou 1996), seabass (Torrieri et al. 2006), gilt-head

seabream (Tsironi and Taoukis 2010), whiting (Hassoun

and Karoui 2016; Fagan et al. 2004), mackerel (Fagan et al.

2004), and stellate sturgeon (Hedayatifard and Aroujalian

2010) were widely evaluated by researchers, still there is

no comprehensive study on the shelf-life kinetics of the

rainbow trout with MAP. Therefore, in this work, we

studied the effect of MAP (with the CO2 concentration of

40–80%, at the temperature range 0–15 �C) on chemical,

microbial, and sensory properties. Furthermore, the shelf

life of rainbow trout fillets with MAP was predicted based

on the sensory and chemical indices.

Materials and methods

Preparing the samples

Rainbow trout, with the weight of 500 ± 10 g, was pur-

chased from a fish breeding pool. The fish were brought to

the packaging laboratory for about 30 min while they were

stored in a refrigerator and were covered with ice. At the

laboratory, after rinsing each fish, its head, tail, and bones

were manually removed to obtain two fillets with the

dimensions of 10 9 20 cm and weight of 170 ± 5 g. After

draining the fillets by using sterile clothes, they were

individually placed in 80 lm thick plastic bags with three

LDPE/EVOH/LDPE layers (where LDPE and EVOH stand

for low-density polyethylene and ethylene vinyl alcohol,

respectively) without any coatings. Then, samples were

packed by using the HENKELMAN vacuum system

200 A, in four different modified atmospheres with the gas

combinations of 80% CO2/10% N2/10% O2 (P1), 60% CO2/

20% N2/20% O2 (P2), 60% CO2/40% N2/0% O2 (P3), and

40% CO2/30% N2/30% O2 (P4). The gas composition

contained in the packages was measured and analyzed by

the gas analyzer OXYBABY (Wittgas) at the specified

intervals (i.e. immediately after packaging and after every

3 days, up to 12 days). All the packages were kept in the

controlled isothermal conditions (constant temperature) at

0, 5, 10, and 15 �C in a GT-7005-T Desk Type Tempera-

ture and Humidity Tester (GOTECH TESTING

MACHINES INC.). The specimens were also sampled at

the same intervals for analyzing chemical and sensory

spoilage.

Chemical evaluation

Measurement of lipid oxidation

To measure lipid oxidation, the evaluation of 2-thiobarbi-

turic acid reactive substances (TBARS) was conducted

based on the Loovas’s method (Loovas 1992; Tsironi et al.

2009). TBARS concentration was calculated from the

standard curve prepared using 1,1,3,3-tetraethoxypropane

and expressed in mg of Malonaldehyde diethyl acetal

(MDA) per kg of muscle (Robles-Martı́nez et al. 1982).

Measurement of total volatile basic nitrogen (TVB-N)

The extract, used for determining the total volatile bases,

was obtained by mixing 100 g of fish sample, 200 ml of

aqueous solution, and 7.5% trichloroacetic acid (TCA), in a

high-speed homogenizer at 60 s. Then, the homogenized

mixture was centrifuged for 3 min at 3000 (12009g) and

the supernatant solution was filtered by using Wattman No.

1 filter paper. Next, the volatile basic nitrogen was mea-

sured by steam distillation of the TCA-fish extract, based

on the modified method proposed by Malle and Tao (1987).

All results were reported in mg of TVB-N per 100 g of the

fish muscle.

Measurement of trimethylamine (TMA)

The method used for measuring TVB-N was also applied to

determine TMA, except that 20 ml of a 35% formaldehyde

solution (v/v) was added to the distillation tube for

remaining only the reactions of tertiary amines by blocking

the primary and secondary amines (Malle and Poumeyrol

1989). The results were expressed in mg of nitrogen per

100 g of fish sample.

Microbial evaluation

For microbial enumeration, 10 g of the fish muscle was

mixed with 90 ml of the sterile Ringer solution. Then, it

was transferred to the sterile stomacher bag and homoge-

nized for 60 s by the stomacher Seward, 4 N, England. The

samples (0.1 ml) of 10-fold diluted homogenized muscle

fish were pipetted onto the surface of plate-count-agar

plates (in duplicate) to count colonies. The total-viable-

count (TVC) was obtained after 72 h incubation at 25 �C
(Tsironi and Taoukis 2010). The lactic acid bacteria (LAB)

counts were also determined by using the pour plate

method and De Man–Rogosa–Sharpe (MRS) agar, after

incubation for 96 h at 25 �C. Two replicates were counted

from at least three appropriate dilutions by colony counters

(Tsironi and Taoukis 2010). All counts were expressed as

log10 cfu/g.
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Sensory evaluation

The fish samples were evaluated by 20 trained panelists.

The appearance and smell of raw fish, as well as odor, taste

and overall acceptance of cooked fish fillets were evalu-

ated. The sensory parameters, reported by panelists in

appropriate forms, reflect the organoleptic evaluation of

quality loss. To assess the cooked fish, the samples were

separately cooked in an aluminum foil at 180 �C for

20–30 min. Scoring of each parameter is performed based

on the descriptive hedonic scale from 1 to 9. For sensory

evaluations, the score of 5 was considered as the least

acceptance (Tsironi et al. 2008).

Kinetic study of data

The curves of the chemical (TVB-N) and sensory (total

acceptance) indices were plotted as a function of time for

all the studied temperatures. The rate of quality loss was

determined based on the least-squares statistical interpo-

lation. Also, the temperature dependence of the constant

rate of quality loss (k) was modeled by the Arrhenius

equation (Nuin et al. 2008).

Calculating the shelf-life

The shelf-life was calculated based on the Arrhenius

kinetics of the studied sensory and chemical indices of the

rainbow trout fillets. Moreover, the values of chemical

parameters were reported at the sensory rejection time of

samples (Koutsoumanis and Nychas 2000).

Data analysis

All factorial experiments were carried out in a randomized

complete block design with at least two replicates. The

variance statistical analysis was performed using SPSS

software (IBM SPSS Statistics 23). Also, Duncan’s multi-

domain test with the confidence level of 95% was used to

determine the significant difference between different

means. The graphs were plotted using Excel (2010), SPSS,

and MATLAB (2016). All models were obtained by using

the MATLAB software.

Results and discussion

Chemical evaluation

Evaluating the lipid oxidation changes

TBARS (as an indicator of oxidation) is widely used to

determine the secondary lipid oxidation products in the

oxidation process. Results showed that there was a signif-

icant difference between different storage temperatures

(P\ 0.05). Generally, TBARS was augmented by

increasing the storage temperature. The TBARS of samples

stored at 0–15 �C was in the range of from 0.84 ± 0.11 to

3.35 ± 0.36 mg MDA/kg.

The oxidation reaction produces a range of substances,

among which some have undesirable taste and odor. This

phenomenon is commonly performed in the fishes with

high percentage of polyunsaturated fatty acids like trout

(Muela et al. 2014). Also, some of those substances may

contribute in texture changes due to creation of covalent

bonds with fish muscle proteins. Generally, due to quicker

oxidation reactions in fatty fishes, the spoilage rate

increases, especially, at high temperatures.

TBARS index of fish samples in different MAP pack-

ages was in the range from 1.30 ± 0.22 to 2.90 ± 0.35 mg

MDA/kg. The highest TBARS was obtained for P4 (with

40% CO2 and 30% O2), while the least TBARS was given

by P3 (with 60% CO2 and 0% O2) and succeedingly, P1
(with 80% CO2 and 10% O2). For more details, see

Fig. Sup-1 in Supplementary Notes. Therefore, by

increasing CO2 and decreasing O2 in the MAP packaging

of trout, the TBARS index decreases. Hassoun and Karoui

(2016) showed that by increasing CO2 in whiting fillets,

TBARS was decreased. Similar results were also reported

by Masniyom et al. (2013) for the Tilapia fish packed in the

CO2-rich atmosphere. Sone et al. (2012) found that the

TBARS index of salmon in the MAP packaging was much

less than those in the air and vacuum packaging at the same

temperature. Furthermore, Muela et al. (2014) reported that

the lipid oxidation of Thunnus obesus (measured by

TBARS) was activated in the presence of O2 since oxygen

leads to the release of free radicals. Indeed, in the MAP

packaging, O2 is replaced by N2 to delay oxidative ran-

cidity based on preventing the growth of aerobic

microorganisms.

TBARS index increased from 0.33 ± 0.01 to

4.03 ± 0.39 mg MDA/kg during 12 days of storage. The

TBARS index showed significant differences at different

sampling times (with the significance level of a = 0.05).

This increase can be due to the decomposition of hydrox-

ides into secondary oxidation products, such as Malone

aldehyde (Goulas and Kontominas 2007). Sone et al.

(2012) found that the lipid oxidation increased during

storage of salmon in the air, vacuum, and MAP (with 60%

CO2 and 40% N2) at 4 �C. The increase in TBARS for

whiting fillets (packed in air and two modified atmo-

spheres) also showed the same result (Hassoun and Karoui

2016). The TBARS increase during fish storage was also

reported in other studies (Cosansu et al. 2013; Goulas and

Kontominas 2007).
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Masniyom et al. (2002) reported the increase of lipid

oxidation during storage in seabass slices stored even under

CO2-rich packaging. Obviously, the carbonic acid formed

in the samples under the MAP packaging may result in the

protein denaturation of the muscle and lead to the release

of heme free iron (i.e. a potential pro-oxidant in the mus-

cular system).

According to Connell (1990); once the amount of

TBARS in fish fillets reaches to about 1–2 mg MDA/kg, an

unpleasant odor is smelled. The maximum TBARS for the

optimal fish quality (frozen, chilled, or stored-in-ice) is

5 mg MDA/kg. However, the fish with the TBARS of less

than 8 mg MDA/kg can still be consumed.

Evaluation of TVB-N changes

TVB-N is a part of the non-protein nitrogen fraction of the

fish muscle which contains dimethylamine, TMA, ammo-

nia, and other nitrogen basic compounds. TVB-N and TMA

were reported in many studies as the indicative compounds

of fish spoilage (Malle and Poumeyrol 1989; Dalgaard

et al. 1993; Koutsoumanis and Nychas 2000).

The results showed that the average TVB-N of samples

stored at 0–15 �C is in the range from 15.49 ± 0.55 to

24.75 ± 1.59 in mg per 100 g sample (mg/100 g). By

increasing the temperature, the amount of TVB-N was

augmented. The bacterial catabolism of amino acids in the

fish muscle results in the accumulation of ammonia and

other volatile bases. In other words, the increase in TVB-N

is associated with the activity of spoilage bacteria and

internal enzymes. Therefore, by reducing the fish storage

temperature in MAP, the trend of the TVB-N increase

slows down (Koutsoumanis and Nychas 2000) due to

decreasing the bacterial and enzymatic activities.

The usage of MAP showed significant effect on TVB-N

of trout fillets (P\ 0.05). Average TVB-N of samples in

the four studied packaging types ranged from

17.387 ± 0.98 to 22.08 ± 1.54 mg/100 g. The highest

amount of TVB-N was given for the P4 packaging while

the lowest values were obtained for P1 and P3 with

insignificant differences (see Fig. Sup-2 in Supplementary

Notes). Therefore, the amount of TVB-N in trout is

reduced by increasing the concentration of CO2. This fact

was previously reported in a number of other researches

(Hedayatifard and Aroujalian 2010; Hassoun and Karoui

2016). Indeed, higher-order CO2 concentrations may

potentially prevent the growth of gram-negative aerobic

bacteria including the microorganisms which produce

volatile compounds.

Storage time, similar to the storage temperature and

packaging type, showed significant effect on the TVB-N

content (P\ 0.05). The amount of TVB-N was augmented

with increase in storage time; such that it rose from

10.46 ± 0.10 mg/100 g (in the first sampling) to

27.08 ± 8.11 mg/100 g at the end of the storage period.

Increase of TVB-N fractions, during storage time, actually

occurs due to some autolysis reactions (Debevere and

Boskou 1996). It was reported for different fish types, such

as cod fish (Debevere and Boskou 1996), Stellate sturgeon

fillet (Hedayatifard and Aroujalian 2010), and whiting

(Hassoun and Karoui 2016), under MAP conditions.

There is no standard limit for the acceptance of rainbow

trout based on the TVB-N value. However, Arashisar et al.

(2004), after studying the trout packed under MAP condi-

tions, proposed 25 mg/100 g as the highest accept-

able level of TVB-N for this type of fish. Therefore,

according to our results, the P2 and P4 packagings were

spoiled after around 10th and 7th day, respectively.

Evaluation of TMA changes

TMA is used as an indicator of the microbial activity for

evaluating quality loss. Based on our results, by increasing

the storage temperature from 0 to 15 �C, TMA raised from

0.86 ± 0.17 to 3.76 ± 0.40 in mgN/100 g. Generally,

TMA has a direct relationship with the bacterial accumu-

lation in fish (Connell 1990). Indeed, by increasing the

storage temperature, the level of TMA is augmented,

because of rising the bacterial accumulation and activity.

According to our results, the packing type had no sig-

nificant effect on TMA in trout (P[ 0.05). The highest

amount of TMA was obtained for P4 while the lowest

values belonged to the P1 and, succeedingly, P3 packagings

(see Fig. Sup-3 in Supplementary Notes). Therefore, by

increasing the concentration of CO2 in the MAP packaging,

the amount of TMA was decreased. However, there were

no significant differences between the P4 and P1
packagings.

The trimethylamine oxide (TMAO) as a part of the

osmotic system is one of the main components of the non-

protein nitrogen fractions in the aquatic tissue. This com-

pound improves the growth of microaerophilic and anaer-

obic microorganisms. In other words, once the level of

oxygen reduces, TMAO is used as the final receptor by

microaerophilic microorganisms to reduce to TMA-N

(Debevere and Boskou 1996).

Therefore, it has been observed that high levels of

oxygen in MAP can delay the production of TMA (De-

bevere and Boskou 1996). In this manner, the low amounts

of TMA in the P1, P3, and P4 packagings and their

insignificant differences can be understood. In more detail,

the reduction of TMAO to TMA-N was possible in the P1
and P3 packagings since they contained low amounts of O2.

On the other hand, more access to oxygen leads to lower

CO2 levels, which consequently, reduces the antimicrobial

activity (Sivertsvik et al. 2002). Hence, in the P4
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packaging, TMA also remained comparable with the other

specified packaging types.

TMA content in fish samples increased over 12 days,

from 0 to 4.43 ± 0.35 mgN/100 g. In more detail, in the

first sampling of trout, TMA was not found. In this regard,

Chytiri et al. (2004) reported that TMA concentration in

trout is very low and also, there is no significant increase

during ice storage. It indicates the very low level of TMA

oxide in these types of fish muscles. TMAO is also a

common compound found in marine fish. For example, for

the salmon in MAP, no TMA concentration was found

before the third day (Macé et al. 2011).

Özogul et al. (2004) demonstrated that in the sardine

samples stored in the vacuum, MAP (60% CO2, %40 N2),

and air packagings at 4 �C, TMA concentration was

increased by increasing the storage time. Also, they

reported that the highest concentration of TMA was

observed for the samples kept in air while the lowest

concentration was for the MAP conditions. This is proba-

bly due to the effect of MAP on the bacterial growth and,

consequently, reduction of TMA formation (Debevere and

Boskou 1996).

Although there is no rule related to the TMA amount,

generally, in contents over 12 mg TMA-N/100 g, the

product quality is damaged (Macé et al. 2011). Commonly,

by using a grading system based on comparative assess-

ment of sensory quality, some levels have been proposed

for TMA. For example, at the time of sensory rejection, the

TMA limit for trout was considered as 5 mgN/100 g (Jouki

2014), which can be employed as the TMA index and limit.

Microbial evaluation

Although immediately after packaging, TVC was the same

in all the samples (i.e. 1.6 log cfu/g), there was an

increasing trend for each of the four packaging types dur-

ing storage (see Fig. Sup-4 in Supplementary Notes). Also,

by increasing CO2 from 40 to 80% in packages, TVC was

reduced. This indicates that CO2 can directly or indirectly

reduce the microbial load. The P4 packaging (with the

smallest amount of CO2) provided the highest TVC which

reached to 7 log cfu/g on the 12th day of storage.

According to the International Commission on Microbio-

logical Specifications for Foods (ICMSF), the maximum

permitted level of the microbial load in fresh and frozen

fish is 107 cfu/g or 7 log cfu/g (ICMSF 1986). The smallest

TVC on the 12th day was related to the P3 packaging which

contained 60% CO2 and 0% oxygen. Indeed, in this study,

the P3 and P1 packagings (with the highest CO2 and lowest

O2 concentrations) showed the best performance in terms

of the TVC level and inhibiting bacterial growth.

The presence of CO2 in the MAP fish causes the dom-

inant microflora to be gram-positive organisms (e.g.

mainly, LAB). We found that the mean initial count of

LAB was 1.5 log cfu/g. Fig. Sup-5 in Supplementary Notes

shows the LAB growth curves of rainbow trout fillets at

different storage temperatures (including 0, 5, 10 and

15 �C) in different MAP packages. Our results showed that

at the end of the storage period, the LAB counts in both the

P1 and P3 packagings were approximately less than those of

P2 and P4 for all the four specified temperatures. Thus, the

former spoiled later compared to the latter.

Sensory evaluation

The first sensory changes during storage occur in appear-

ance and texture of the fish (Huss 1988). Our results

showed that the storage temperature had a significant effect

on the sensory characteristics of fish (P\ 0.05). As

reported in Table Sup-1 of Supplementary Notes, by

increasing the temperature from 0 to 15 �C, the scores of

all the considered sensory parameters were reduced. The

lowest scores were related to the raw fillet smell since,

undoubtedly, the smell is the most common indicator of

fish freshness. In fact, the untrained consumer (without any

knowledge about evaluation of the fish quality) assesses the

freshness and safety of fish based on the odor and aroma,

just after opening the fish package. Therefore, it can be

expected that the first sensory parameter affecting the

panelist is the smell of fish with the lowest score after

sensory changes. In contrast, the score of the appearance of

raw fillets provided the lowest changes in the different

studied temperatures.

Analysis of our data indicated that the packaging type

(i.e. modified atmosphere composition) had a significant

effect on the sensory scores (P\ 0.05). According to

Table Sup-2 of Supplementary Notes, the highest score was

for the P3 packaging (with 60% CO2 and 40% N2), fol-

lowing by the P1 packaging (with 80% CO2, 10% N2, and

10% O2).Thus, non- or low-oxygen packagings were more

acceptable for panelists.

In the presence of high amounts of oxygen in the

package, the lipid rancidity may be rapidly increased,

which can cause fishy odor and off-flavors. Oily fish such

as maatjes herring, mackerel, and trout are susceptible to

rancidity which results in the ammonia flavor. Since the

smell of fish is very influential on the total acceptance, the

highest overall acceptance scores were obtained for the P1
and P3 packagings while the lowest scores were reported

for the P4 packaging with the highest oxygen content.

Table Sup-3 of Supplementary Notes shows a decreas-

ing trend over the time (from the beginning to the 12th day)

for the total acceptance and sensory scores of the samples

(i.e. the appearance and smell of the raw fillets and taste

and smell of the cooked fillets).
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At the starting time of the off-flavor phase, especially in

fatty fishes, the fish may be slightly sour, bitter, and fruity.

During different stages of this phase, various smells such as

sickly sweet, cabbage-like, ammonia, sulfuric, and bitter

may be developed. Also, at this phase, the tissue may be

either soft-watery or rigid-dry (which was soft in the case

of rainbow trout). By continuing this phase, the fish

becomes spoiled and corrupted (Huss 1988).

In fatty fishes such as salmon and trout, which are sus-

ceptible to lipid destruction, the first parameter of fish

spoilage is the oxidative rancidity. During the advanced

stages of fat oxidation, the breakage of hydroperoxides

results in the formation of low molecular weight carbonyls

and alcoholic compounds. It can further lead to changes in

color, texture, taste, smell, and consequently, in the total

food quality. Moreover, the reaction between the protein

and oxidized fat of fish creates yellow color products.

Enzymes also change the taste of the fish. They change

the sweet taste of the fish muscle (which is different in

various species) into a flavorless taste. The continuous

activity of enzymes also leads to the formation of other

important compounds like hypoxanthine, which is not

typically found in the fresh fish and can make the bitter

taste (Akhondzadeh et al. 2000).

Meaty foods stored in the atmospheres with more than

25% CO2, based on the content of myoglobin, show dif-

ferent levels of surface fading. This phenomenon is

harmful, especially in the fresh red meat, which contains

higher levels of myoglobin compared to fish and poultry

(Torrieri et al. 2006).

Torrieri et al. (2006) showed that in seabass kept under

modified atmosphere conditions, by raising the oxygen

percentage content, the amount of primary red color of the

fish is reduced while the yellowness is increased. Similar

results were also obtained by Hassoun and Karoui (2016)

for whiting. They also found that the best firmness score

was obtained for samples stored in 70% CO2/20% O2/10%

N2 (close to the P1 packaging in this study).

Kinetic study of data

After plotting the variation charts of the chemical (TVB-N)

and sensory (total acceptance) indices versus time, the rate

constant of quality loss was interpolated by using the least

squares error for each studied temperature (Figs. 1 and 2).

Then, the dependency of the rate constant of the quality

loss (i.e. k) on the temperature was modeled by the

Arrhenius equation:

ln kð Þ ¼ ln kref
� �

� Ea

R

� �
1

T
� 1

Tref

� �
ð1Þ

where R is the universal gas constant, T indicates the

temperature in Kelvin, kref is the rate constant of quality

index changes at the reference temperature Tref (e.g. Tref-
= 4 �C for chilled foods), and Ea determines the activation

energy of the quality index for indicating its dependency on

the temperature.

According to Fig. 3, the Ea of the chemical/sensory

index was obtained as the slop of the Arrhenius line

ln(k) versus (1/Tref - 1/T), by using linear regression. The

estimated values of Ea and reference rate constants (i.e. Kref

at the reference temperature 4 8 C) for chemical and sen-

sory indices are reported in Table 1. In more detail, the

activation energy value of the sensory (chemical) index for

all the packaging types varied from 55.12 (21.037) to 73.55

(36.874) kJ/mol. Also, for both the quality indices, the

highest activation energy and the lowest rate constant were

obtained for the P3 packaging. As stated in Sect. 3.1.2, the

low level or absence of oxygen in the MAP packaging

causes a slower rate of TVB-N increase. Moreover, in the

P3 packaging, more energy was required for starting the

chemical reaction. Therefore, its activation energy should

be higher than the other packagings. Regarding the total

acceptance assessed in Sect. 3.2, the lowest sensory chan-

ges during the storage time were obtained for the P3
packaging which leads to the lowest sensory loss rate.

By considering the results reported in Table 1, the

activation energy of sensory loss was almost twice higher

than the chemical degradation caused by TVB-N produc-

tion. Consequently, it can be said that the dependency of

the total acceptance loss on the temperature was higher

than the dependency of the chemical loss. In other words,

by raising the temperature, the rate of sensory loss

increases more rapidly compared to the rate of chemical

loss.

Shelf life calculation

In this study, sensory quality was evaluated along with the

evaluation of chemical indices. The values of chemical

parameters (including TVB-N, TMA, and TBARS) were

reported in Table 2. Since based on the evaluated indices,

no spoilage occurred at temperatures 0 �C and 5 �C; the
sensory rejection time and parameter values were reported

only for temperatures 10 �C and 15 �C. In more detail, at

these temperatures, the TVB-N concentration at the end of

the shelf life (sensory rejection) was in the range of from

22.3 ± 0.98 to 27 ± 1.59 mgN/100. Koutsoumanis and

Nychas (2000) also reported the similar range of

22–25 mgN/100 for TVB-N in fish. Moreover, the sensory

rejection time coincided with the TMA level of

4 ± 0.27–5.4 ± 0.41 mg/100 g. Jouki (2014) also reported

5 mgN/100 g as the TMA limit of trout for sensory

rejection time. The concentration of TBARS at the end of

the shelf life (sensory rejection) was in the range of from

3.19 ± 0.29 to 4.92 ± 0.39 mg MDA/kg. Based on these
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Fig. 1 The total acceptance of rainbow trout as a function of time for the packages a P1, b P2, c P3 and d P4, at temperatures 0 �C (multiplication

symbol), 5 �C (open square), 10 �C (open inverted triangle), and 15 �C (open triangle)

Fig. 2 Amount of TVB-N in rainbow trout, as a function of time for the packages a P1, b P2, c P3 and d P4, at temperatures 0 �C (multiplication

symbol), 5 �C (open square), 10 �C (open inverted triangle), and 15 �C (open triangle)
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suggestions, the maximum TBARS index, that indicates

the optimal quality of the fish (frozen, chilled or kept in

ice), is 5 mg MDA/kg.

Generally, by considering the values presented in

Table 2 and permissible limits of studied parameters, it can

be stated that in all cases, the values obtained for different

parameters at the sensory rejection time, were in accor-

dance with the values proposed in previous studies and

supported them. It can also be claimed that in all cases,

spoilage based on chemical parameters occurs later than

Fig. 3 Arrhenius curves of

a the total acceptance and

b TVB-N, in four types of the

modified atmosphere packaging

Table 1 The activation energy value (Ea) and reaction rate constant [at the reference temperature Kref(4 �C)] of the chemical (TVB-N) and

sensory (total acceptance) indices for the trout fillets packed in four types of MAP at four constant temperatures 0, 5, 10 and 15 �C

Packaginga Total acceptance TVB-N (mg/100 g)

Ea (kJ/mol) Kref(4 �C)(d
-1) Ea (kJ/mol) Kref(4 �C)(d

-1)

P1 55.623 0.026 21.037 0.053

P2 57.044 0.034 28.587 0.049

P3 73.550 0.022 36.874 0.047

P4 55.120 0.045 34.870 0.061

aAtmosphere composition of the packaging P1:80%CO2/10%N2/10%O2, P2:60%CO2/20%N2/20%O2, P3:60%CO2/40%N2/20%O2, and

P4:40%CO2/30%N2/30%O2
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sensory deterioration. In other words, in the trout fillet

packed in the modified atmosphere, when the consumer

rejects the sample based on the sensory evaluation, it is the

beginning of chemical spoilage in that sample.

According to the Arrhenius kinetics given in Sect. 3.3,

the shelf-life can be calculated, based on the sensory (total

acceptance) and chemical (TVB-N) indices, by using

Eqs. (2) and (3), respectively (Tsironi and Taoukis 2010):

tSL ¼ S0 � S1

kref ;sens exp
�Ea

R
1
T
� 1

Tref

� 	h i ð2Þ

tSL ¼ lnCTVBN;1 � lnCTVBN;0

kref ;TVBN exp �Ea

R
1
T
� 1

Tref

� 	h i ð3Þ

where tSL is the shelf-life of the trout fillet (in day), CTVB-N

indicates the concentration limit of TVB-N (25–30 mgN/

100 g), and CTVB-N0 determines the initial concentration of

TVB-N (in this study, 10–11 mgN/100 g). Also, S0 is the

initial sensory score of the total acceptance while S1 is its

corresponding rejection limit (S1 = 5). Moreover, kref is the

reaction rate constant for each index (reported in Table 1)

at the reference temperature (Tref = 4 �C) in d-1.

Table 3 reports the shelf life of each packaging type,

based on the TVB-N and sensory evaluations at different

storage temperatures. In both the examined indices, the

highest shelf lives were obtained for P3 (with 60% CO2,

40% N2, and 0% O2) and succeedingly, P1 (with 80% CO2,

10% N2, and 10% O2). Moreover, the minimum shelf life

was for the P4 packaging (with 40% CO2, 30% N2, and

30% O2).

Clearly, the percent differences between the shelf-lives

of the sensory and chemical indices remained limited (al-

most smaller than 20%) at the storage temperatures 0, 5,

Table 2 The values of

chemical parameters (TVB-N,

TMA, and TBARS) at the time

of sensory rejection (rejection

score = 5) for trout fillets

packed in four types of MAP at

the temperatures 10 and 15 �C

Packaginga Temperature (�C) TVB-N (mg/100 g) TMA (mg/100 g) TBARS (mg MDA/kg)

P1 10 25.5 ± 1.15 4.8 ± 0.38 4.92 ± 0.39

15 26.9 ± 1.48 5.4 ± 0.41 4.65 ± 0.38

P2 10 26.6 ± 1.5 4.6 ± 0.33 4.51 ± 0.35

15 22.3 ± 0.98 4.5 ± 0.34 4.18 ± 0.3

P3 10 26.1 ± 1.18 5 ± 0.33 3.19 ± 0.29

15 27 ± 1.59 5.3 ± 0.4 3.49 ± 0.32

P4 10 25.4 ± 1.23 4.7 ± 0.34 4.76 ± 0.39

15 23.4 ± 0.99 4 ± 0.27 4.06 ± 0.34

aAtmosphere composition of the packaging P1:80%CO2/10%N2/10%O2, P2:60%CO2/20%N2/20%O2,

P3:60%CO2/40%N2/20%O2, and P4:40%CO2/30%N2/30%O2

Table 3 The shelf-life (in day)

of trout fillets packed in 4 types

of MAP at different storage

temperatures based on the total

acceptance (sensory tSL) and

TVB-N (chemical tSL) for

comparing the relative error

(RE %) of shelf-lives (sensory

rejection score = 5, TVB-N

permissible limit = 25–30 mg/

100 g)

Packaginga Storage temperature (�C) Sensory shelf-life Chemical shelf-life RE %

P1 0 13.9 11.4 - 18.4

5 9 9.6 7.4

10 5.9 6.9 18.6

15 3.9 5.9 53.1

P2 0 10.8 9.8 - 9.1

5 6.9 7.8 13.9

10 4.4 5 13.3

15 2.9 5.1 74.5

P3 0 18.2 14.5 - 20.3

5 10.2 10.8 6.5

10 5.8 7 20.4

15 3.4 5.3 57.8

P4 0 8.1 9.5 17.8

5 5.2 4.9 - 5.1

10 3.4 3.8 10.7

15 2.3 3.4 48.4

aAtmosphere composition of the packaging P1:80%CO2/10%N2/10%O2, P2:60%CO2/20%N2/20%O2,

P3:60%CO2/40%N2/20%O2, and P4:40%CO2/30%N2/30%O2
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and 10 �C. Therefore, there would be a high correlation

between the sensory degradation and TVB-N production. It

means that chemical spoilage in fish samples at those

temperatures could be predicted based on sensory evalua-

tion and shelf life. However, at the temperature 15 �C, the
sensory shelf life was much lower than the chemical shelf

life. In other words, sensory spoilage occurs much earlier

than chemical spoilage at that temperature, and thus, sen-

sory evaluation cannot be used as an indicator for chemical

spoilage.

Conclusion

According to the experimental results, we can conclude

that in various temperatures, the values obtained for dif-

ferent chemical parameters (including TVB-N, TMA, and

TBARS) at the sensory rejection time are in accordance

with the allowed limits proposed in previous studies, and

approve them. It can also be declared that in all cases,

chemical spoilage occurs later than sensory degradation. In

other words, in the trout fillet packed in the modified

atmosphere, when the consumer rejects the sample based

on the sensory evaluation, it would be the beginning of

chemical spoilage in that sample. Furthermore, P3 and P1
(in an ordered manner) were the best packagings in terms

of inhibiting bacterial growth and LAB levels.

Based on our results, in both the TVB-N and sensory

evaluations, the highest shelf life was obtained for P3 (with

the sensory shelf-life of 10.2 and chemical shelf-life of

10.8 days at 5 �C) and succeedingly, P1 (with the sensory

shelf-life of 9.0 and chemical shelf-life of 9.6 days at

5 �C). Moreover, the minimum shelf life was related to the

P4 packaging (with the sensory shelf-life of 5.2 and

chemical shelf-life of 4.9 days at 5 �C). Finally, the per-

cent difference between the chemical and sensory shelf

lives remained limited at the temperatures below 10 �C.
Therefore, in this case, the chemical spoilage can be pre-

dicted based on the sensory evaluation and shelf life.
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